Immune information in the form of inflammatory mediators directs phagocyte locomotion and increases expression of opsonin receptors such that contact with an opsonized microbe results in receptor ligation and activation of microbicidal metabolism. Carbohydrate dehydrogenation and 02 consumption feed reactions that effectively lower the spin quantum number (S) of 02 from 1 to 1/2 and finally to 0. Oxidase-catalyzed univalent reduction of 02 (S = 1; triplet multiplicity) yields hydrodioxylic acid (HO2) and its conjugate base superoxide, 0°(S = 1/2; doublet multiplicity). Acid or enzymatic disproportionation of superoxide yields H202 (S = 0; singlet multiplicity). Haloperoxidase catalyzes H202-dependent oxidation of Cl-yielding HOCI (S = 0), and reaction of HOCI with H202 yields singlet molecular oxygen, 102 (S = 0; singlet multiplicity). The Wigner spin conservation rule restricts direct reaction of S = 1 02 with S = 0 organic molecules. Lowering the S of 02 overcomes this spin restriction and allows microbicidal combustion. High exergonicity dioxygenation reactions yield electronically excited carbonyl products that relax by photon emission, i.e., phagocyte luminescence. Addition of high quantum yield substrates susceptible to spin allowed dioxygenation, i.e., chemiluminigenic substrates, greatly increases detection sensitivity and defines the nature of the oxygenating agent. Measurement of luminescence allows high sensitivity, real-time, and substrate-specific differential analysis of phagocyte dioxygenating activities. Under assay conditions where immune mediator and opsonin exposure are controlled, luminescence analysis of the initial phase of opsonin-stimulated oxygenation activity allows functional assessment of the opsonin receptor expression per circulating phagocyte and can be used to gauge the in vivo state of immune activation. -Environ Health Perspect 1 02(Suppl 10): 201-208 (1994) 
Phagocyte Reduction and Oxygenation Activities
Phagocyte microbicidal action is a dynamic, metabolically linked process whereby reduction potential provides the driving force to convert molecular oxygen (02) into effective oxygenating agents. Increased phagocyte metabolism of glucose through the dehydrogenases of the hexose monophosphate shunt in combination with increased nonmitochrondrial 02 consumption is collectively referred to as phagocyte respiratory burst metabolism (1) (2) (3) . Glucose dehydrogenation generates the equivalents for univalent reduction of 02' that in turn initiate the transducing reactions required for phagocyte generation of oxygenating agents. Microbe killing results from the reactions of these metabolically generated oxygenating agents with molecular components of the target microbe.
On initial consideration, the mobilization of reduction potential might seem an unlikely initial step in the direction of phagocyte generation of oxygenating agents. This apparent paradox is resolved by taking a quantum mechanical perspec-tive. As predicted by the Pauli exclusion principle, the 02 we breathe is a diradical molecule with one electron occupying each of its two pi antibonding (7*) orbitals, and according to Hund's maximum multiplicity rule, both electrons have the same spin quantum number (s), i.e., both electrons will have an s value equal to 1/2 or -1/2 (4). As such, the total or net spin quantum number (S) of 02 is either 1 or -1. Multiplicity is a spectroscopy expression related to S by the equation 12S1+1. Thus, in its lowest energy or ground state, 02 is a triplet multiplicity diradical molecule, i.e., 12 (1)1+1=3, and is highly paramagnetic (5) . Spin Conservation Symmetry must be conserved in all chemical reactions. The Wigner spin conservation rules define the tendency of a reacting system to conserve spin angular momentum; i.e., the total orbital angular momentum of all the electrons of a reacting system is conserved (5) (6) (7) . This conservation principle is illustrated by the Wigner-Witmer correlation rules presented in Table 1 (8) . The more familiar Woodward-Hoffman rules define the conservation of orbital angular momentum of each electron separately. Reaction allowedness and feasibility require conservation of both total and individual symmetries (9) .
Reactions of organic and biologic molecules with 02 are typically of very high exergonicity, but such reactions do not occur spontaneously. Consider the heat of reaction calculations for the reaction of 02 with the double bond of ethylene (10) : {C2H4 (+ 146 kcal/mole) -2 CH2} [1] {02 (+ 119 kcal/mole) -2 0} [2] {2 CH2 + 2 -* 2 CH2O + (-358 kcal/mole)} [3] Net AG = -93 kcal/mole (equivalent to an einstein of 308 nm photons)
This oxygenation reaction yields free energy magnitudinally greater than that typically considered in bioenergetics. The concept of spin conservation is at the crux of understanding why such high exergonicity reactions do not spontaneously occur. Ethylene, like other typical organic and biologic molecules, is a singlet multiplicity S=O molecule, and as described in Table 1 , the direct reaction of an S= 0 molecule with S= 1 02 would proceed via a S= 1 reaction surface to yield an S= 1 oxygenation product. Absolute reaction rate theory predicts a low probability for any reaction involving change in multiplicity (11, 12) . The transmission coefficient of the absolute reaction rate Environmental Health Perspectives [4] Chemical combustion can be best understood as a radical (S > 0) propagation reaction. Initiation of burning requires the application of energy sufficient to produce homolytic cleavage of the organic molecular bonds, i.e., to convert the S= 0 substrate molecule ('substrate) into S=1/2 reactants 2reactants): substrate + heat -> 2 2reactants. [5] The superscript preceding the symbol indicates the multiplicity of the symbolized reactant. The doublet multiplicity (S= 1/2) radicals produced by homolytic cleavage can react with triplet multiplicity (S= 1) 302 by radical-radical orbital overlap to yield covalent bonding, 2reactant + 302 o 2product + AG [6] as described in Table 1 . The S= 1/2 radical product of this oxygenation plus the free energy liberated ensure additional reaction with S= 1 triplet multiplicity 302, 2product +302 2product + AG [7] to produce S=112 radical products as required for radical propagation, i.e., continued burning, until the substrate or 302 is depleted.
Reaction with another S= 1/2 radical, 2product + 2reactant --'product + AG [8] i.e., radical-radical annihilation (S = 1/2 -1/2 = 0), terminates the reaction and yields a singlet multiplicity product as shown in Table 1 [9] is the first step in lowering the S value or multiplicity of 02. Hydrodioxylic acid (2HO2; perhydroxylic acid) and its conjugate base superoxide (2O), the products of univalent reduction, are doublet multiplicity S = 1/2 molecules.
Hydrodioxylic acid has a plA of 4.8, and its generation by the activated oxidase may be a major factor in the dynamic acidification of the relatively small phagolysosomal space (18) . When the pH of the space is 4.8, the ratio of HO2 to°2 -is unity. As the pH approaches the 2~~~~~~~~~p K), the anionic repulsion that prevents direct disproportionation of 20-is no 2 longer a barrier to reaction, and as such, the doublet-doublet annihilation reaction, 2HO +20 + H+ H2O2 + 2 [10] approaches maximum rate, i.e., 8 x I07 M-1sec-1 (19) . Note that Equation 10 is the same type of radical termination reaction described by Equation 8 . If the reaction is a direct annihilation through an S= 0 surface, both H202 and 02 will be in the S= 0, singlet multiplicity state as described in Table 1 (20 [11] to yield the peroxynitrite anion. As predicated by the spin symmetry conservation rules, neither 20 nor 2NO reacts readily with S= 0 organic or biologic molecules, but since both have a common radical S= 1/2 symmetric character, they readily react with each other. The reported rate constant for Reaction 1 1 is 4 x 107 M-'sec-' (23, 24) . Radical annihilation via a S= 0 surface generates a product, i.e., peroxynitrite, with S= 0 symmetry in common with most organic and biologic molecules, and as such, symmetry is not a barrier to direct reaction of peroxynitrite with these S= 0 molecules (25) .
Haloperoxidase Activity
Although metabolically costly, the reduction of 02 to H202 is necessary to eliminate the S= 1 character that limits its direct reactivity. H202, a S= 0 molecule, can participate in spin allowed reactions with S= 0 organic and biologic molecules. However, H202 is a weak acid with a pKa of 11.65, and in its protonated form, H202 is relatively unreactive. The direct reactive capacity of H202 increases with alkalinity, e.g., the Dakin reaction. At a physiologic pH of Environmental Health Perspectives PHAGOCYTE OXYGENATING ACTIV TY 7, the HOT/H202 ratio is approximately 1/100,000 and, as such, the actual concentration of HO-available as a microbicidal oxygenating agent is modest.
Granulocytic leukocytes and blood monocytes contain haloperoxidases, i.e., myeloperoxidase and eosinophil peroxidase, that exert a lethal microbicidal action (26) . These H202:halide oxidoreductases catalyze the oxidation of halide (X7) to hypohalous acid (HOX) and the reduction of H202 to H20 (27, 28) . This oxidation-reduction reactive coupling can be described in the Nernst equation: [12] AE is the change in potential (volts), R is the gas constant, T is the absolute temperature, n is the number of electrons per gram-equivalent transferred, F is a faraday, and In is the natural log of the reactants and products as shown (29) . The influence of pH and type of halide on the AE and AG of the reaction is shown in Table 2 .
The exergonicity of either chloride (CF) or bromide (Br-) oxidation, the primary reaction catalyzed by haloperoxidase, increases directly with proton availability. In the secondary reaction of Table 2 , HOX, the product of the primary reaction, reacts with a second molecule of H202 to yield singlet molecular oxygen (30) . Note that for this secondary reaction, exergonicity is directly related to halogen electronegativity and inversely related to proton availability. When (34) . Using Equations 9 and 10, there is the possibility that one 102 and (35, 36) . Using a C with relatively well-established reactive characteristics also defines the nature of the oxygenating agent (X) measured (37) . As such, the luminescence intensity (dLldt) is functionally and quantitatively linked to both the concentration of oxygenating agent ([X]) generated by the phagocyte and the concentration of C ([C ]) available for reaction: [13] where k is the proportionality constant. When the [C] is much greater than the [X], the reaction order approximates zero with respect to C, i.e., C is not rate limiting, and the relationship simplifies to: dLIdt = k[X] [14] Phagocyte oxidase function can be measured as the luminescence product of dimethylbiacridinium (DBA++; lucigenin) dioxygenation (38 [18] and, as such, can be considered as a reductive dioxygenation (RDOX) reaction.
The net dioxygenation of a cyclic hydrazide, e.g., luminol, to yield luminescence does not require electrons or reducing equivalents. Haloperoxidase-containing phagocytes can catalyze dioxygenation of S= 0 luminol via the sequential two equivalent oxidation:
'luminol + 'HOClI diazaquinone + 'Cl + 1H20 [19] followed by a two equivalent reductive dioxygenation: 'diazaquinone + 'H202 < aminophthalate + N2 + photon [20] The possibility also exists that 102 or a related singlet multiplicity dioxygenating agent, e.g., 0-0-Cl-, can directly dioxygenate luminol in a nonradical, spinallowed manner to yield electronically excited aminophthalate. This pathway is suggested by the electrophilic reactivity of '02 with it-systems and its tendency to form dioxetanes and endoperoxides (36) . Although presently unproved, the haloperoxidase catalyzed dioxygenation of luminol might also proceed by the reaction:
'luminol + I02 aminophthalate + 'N2 + photon [21] The essential relatedness of the luminol luminescence reactions catalyzed by either mechanistic pathway can be appreciated by recalling that the reaction of HOC1 with H202, the sequential reactants of Equations 19 and 20, yields 02, the reactant of Equation 21 . Note the secondary reaction of Table 2 .
Haloperoxidase-deficient macrophages also catalyze the luminol luminescence reaction, but the specific activity per phagocyte is greatly decreased (35) . Luminol dioxygenation by macrophages (39) , and possibly a portion of the activity of some haloperoxidase-containing phagocytes, may involve NO synthase-generated reactants such as peroxynitrite ('OONO), the product of Equation 1 1; e.g., ' luminol + 'OONO -* laminophthalate + NO-+ N2 + photon [22] As an additional possibility, luminol luminescence may also be catalyzed by a sequential radical mechanism involving 20 as a reductive oxygenating agent (36). 2 Such reaction requires the initial radical dehydrogenation of luminol by a radical oxidant such as hydroxyl radical: luminol + (univalent oxidant, e.g., 2OH) 21uminol+ + (reduced oxidant, e.g., H20) [23] Once generated, the univalently oxidized luminol radical can now participate in a doublet-doublet annihilation reaction with superoxide:
2luminol' + 20--* laminophthalate + N2 + photon [24] Evidence has been presented that classic (halide-independent) peroxidases can also catalyze the radical dehydrogenation of luminol, ultimately resulting in luminol dioxygenation and luminescence (40, 41) . By whatever mechanism, and in contrast Environmental Health Perspectives with the net DBA++ reaction described above, the net luminol reaction responsible for luminescence is a simple dioxygenation (DOX) reaction, luminol + 02 -4 aminophthalate + N2 + photon [25] and as such, provides a measure of the phagocyte DOX capacity.
Estimating Pagocyte Opsonin . [28] Since dLIdt is a function of [X] , it follows
. [29] A commercially available luminescence system is now available for measurement of basal and stimulated phagocyte oxidase and oxidase-driven haloperoxidase activities. The system also measures both the circulating opsonin receptor expression (CORE) and the maximum opsonin receptor expression (MORE) per phagocyte. The The MORE value is obtained by simultaneously testing an equivalent quantity of the same blood specimen with the same nonlimiting concentrations of 0 and C but with sufficient inflammatory mediator, i.e., Imax, to ensure maximum opsonin receptor expression but minimum azurophilic degranulation and minimum direct activation of respiratory burst metabolism. The resulting luminescence response to 0 represents maximum receptor activity,
The luminescence responses L and Lma reflect the CORE and MORE, respectively, and can be presented as a ratio, the CORE/MORE ratio or inflammatory index (42) (43) (44) . Low ratio values reflect minimum in vivo exposure to inflammatory mediators. The ratio increases to reflect the level of in vivo exposure to inflammatory mediators. The ratio can also be presented in reciprocal form as the percentage opsonin receptor reserve (%ORR) per phagocyte, 1-(L/L) x 100 = %ORR [32] The %ORR decreases in proportion to the degree of in vivo stimulation. (20-230C) and tested within 2 hr of venipuncture. Just prior to measurement, 100 pl of whole blood was added to 9.9-ml blood-diluting medium (BDM, an AXIS reagent) for a 1:100 dilution. The diluted blood was loaded into the luminometer (Berthold LB953 AXIS modified, Wildbad, Germany) for automatic injection into prefabricated test tubes containing the indicated coating of inflammatory mediator or PMA. Tubes coated with PMA were used for opsonin receptorindependent measurement of oxidase and oxidase-driven haloperoxidase activities.
Estimating
On initiation of measurement, the luminometer injected 600 pl of either luminol balanced salt solution (LBSS, an AXIS reagent) or dimethylbiacridinium (DBA++, i.e., lucigenin) balanced salt solution (DBSS, an AXIS reagent), and 100 pl of diluted blood, i.e., 1 pl equivalent of whole blood, into each tube. LBSS and DBSS contain non-rate-limiting quantities of luminol and DBA++ as the respective chemiluminigenic substrate (C) to ensure that the luminescence response reflects the quantity of oxygenating agent generated by the activated leukocyte and not the availability of C. All of the luminescence measurements were in triplicate and were taken over a 20-min interval (approximately 1 measurement/1.5 min). The absolute polymorphonuclear neutrophil leukocyte (PMN) count was used to calculate the Volume 102, Supplement 10, December 1994 specific luminescence activity expressed as total counts/PMN/20 min. Alternatively, specific activity can be expressed as counts/phagocyte/20 min. The total phagocyte count is the total leukocyte count minus the lymphocyte count.
Opsonin receptor-dependent oxidasedriven MPO activity was measured with LBSS as the C medium. Human complement opsonized zymosan (hC-OpZ, an AXIS reagent) was used as the opsonin.
Response to this opsonin was tested in the absence and presence of sufficient inflammatory agent to produce maximum neutrophil opsonin receptor expression. The data presented in Table 3 were obtained using uncoated tubes, recombinant human C5a-coated tubes (C5a, 20 pmole tubes, an AXIS reagent) and PAFcoated tubes (PAF, 10 pmole tubes, an AXIS reagent) with 100 pl complementopsonized zymosan (108 zymosan particles per test). Figure 1 Relatively low concentrations of azide (N;) inhibit haloperoxidase (37, 45 reductive dioxygenation. The effect of azide on the raw DBSS luminescence responses from PMA-stimulated blood is illustrated in Figure 3 . The lower and upper curves depict the responses to PMA (10 pmole/test) in the absence and presence of azide, respectively. All of the luminescence data presented were obtained from less than 0.5 ml blood and required less than 1 hr for setup, measurement, and analysis. Luminescence testing allows rapid, high sensitivity differential analysis of phagocyte oxygenation activities. If the conditions of analysis are properly controlled, opsonin receptor expression can also be measured, and since opsonin receptor expression is in proportion to the degree of inflammatory mediator exposure, analysis of the circulating phagocyte provides a gauge of in vivo inflammation. The AXIS system is ultimately designed for use in patient diagnosis and management (46, 47) . However, the system also has broad potential for assessing inflammation and antiinflammatory activity using in vivo and in vitro models (48) .
